Ab initio molecular dynamics simulations have been performed to gain an understanding of the interfacial microscopic structure and reactivity of fully hydrated clay edges. The models studied include both micropore and interlayer water. We identify acidic sites through dissociation mechanisms; the resulting ions can be stabilized by both micropore and interlayer water. We find clay edges possess a complex amphoteric behavior, which depends on the face under consideration and the location of isomorphic substitution. For the neutral (1 1 0) surface, we do not observe any dissociation on the timescale accessible. The edge terminating hydroxyl groups participate in a hydrogen bonded network of water molecules that spans the interlayer between periodic images of the clay framework. With isomorphic substitutions in the tetrahedral layer of the (1 1 0) clay edge, we find the adjacent exposed apical oxygen behaves as a Brö nsted base and abstracts a proton from a nearby water molecule, which in turn removes a proton from an AlOH 2 group. With isomorphic substitutions in the octahedral layer of the (1 1 0) clay edge the adjacent exposed apical oxygen atom does not abstract a proton from the water molecules, but increases the number of hydrogen bonded water molecules (from one to two). Acid treated clays are likely to have both sites protonated. The (0 1 0) surface does not have the same interfacial hydrogen bonding structure; it is much less stable and we observe dissociation of half the terminal SiOH groups ("SiAOAH ! "SiAO À + H + ) in our models. The resulting anions are stabilized by solvation from both micropore and interlayer water molecules. This suggests that, when fully hydrated, the (0 1 0) surface can act as a Brö nsted acid, even at neutral pH.
INTRODUCTION
Smectite clays, such as montmorillonite (MMT), consist of layers of magnesium aluminum silicate separated by galleries of nanoscale thickness (Brindley and Brown, 1980; Murray, 2000; Giese and Van Oss, 2002) . The layers are stacked into platelets composed of tens to hundreds of individual layers. The layers possess dimensions of 1 nm thickness and are 100-500 nm in diameter, resulting in platelets of very high aspect ratio. Isomorphic substitutions in the crystal structure of the clay, such as substitution of Al 3+ in octahedral sites by Mg 2+ and Si 4+ by Al 3+ in tetrahedral sites produce a net negative surface charge (Sposito et al., 1999) . This is counter balanced by exchangeable cations in the interlayer galleries, such as Na + and Ca 2+ (Brindley and Brown, 1980; Newman, 1987) . In humid environments the ions found in the interlayer have a strong tendency to hydrate. Water molecules penetrate between the stacked layers, forcing the layers apart and increasing the clay layer spacing. This interesting characteristic of smectite clays has been utilized in areas such as energy applications (for example, the containment of waste), biomedical applications (for the intercalation of bio-molecules) and in materials (the intercalation of polymers to create nano-composites) Chen et al., 2008) . In the oil industry, clay (also known as shale) swelling can cause wellbore instability problems leading to adverse impacts on drilling operations when using water-based drilling fluids (Anderson et al., 2010; Suter et al., 2011) . As a result of these diverse application areas, the swelling behavior of clays, and how it can be beneficially modified, represents an active area of research (Chen et al., 2008) .
The thermodynamic swelling of clays is related to the tendency of the charge balancing counterions to hydrate, the hydrophilic interaction between the clay surface and water, and the strength of the interaction between the clay surface and the counterion (Boulet et al., 2006) . A large body of research has shed light on the properties of the water/clay surface interfaces confined between the basal planes of clay layers (for example, Refs. Karaborni et al. (1996) , Delville (1991) , , , Bridgeman and Skipper (1997) , Chang et al. (1997) , Chang et al. (1998) , Chang et al. (1995) , Marry and Turq (2003) , Marry et al. (2008) , Rotenberg et al. (2010) and Morrow et al. (2013) . There are also several comprehensive reviews Sposito et al. (1999) , Anderson et al. (2010) , Cygan et al. (2009) and Bergaya and Lagaly (2013) ). However, another important consideration is the edges of the clay layers. These edges exist where, as a result of the finite size of the layers, the crystal structure of the clay ends and the dangling bonds are terminated by hydroxyl sites. Due to the high aspect ratio of clay layers, the edges only comprise a small percentage of the surface of a clay platelet (estimated by Tournassat et al. (2003) to be approximately 1%). For clay swelling to occur, however, water molecules must pass from external regions (such as external surfaces and micropores) into the interlayer gallery, passing between these clay edges. In contrast to the chemically inert basal plane, the edges of clay particles are extremely reactive (Bickmore et al., 2003; Churakov, 2006 Churakov, , 2007 Stackhouse et al., 2001 ) containing both Brö nsted acid and base groups. The reactive nature of clay layer edges has been implicated in catalysis reactions, such as polymerization (Stackhouse et al., 2001; Briones-Jurado and Agacino-Valdés, 2009) ; the under-coordinated aluminum atoms are expected to act as Lewis acids, activating monomers for reaction. The terminal hydroxyl groups are also relatively mobile, unlike those constrained within the clay framework (Liu et al., 2012) . To gain insight into the processes involved in clay swelling, and more generally of water transport between the micropore and the interlayer region, we must understand how the properties of the edges influence the structure and dynamics of water both in the interlayer, micropore and the interface region close to the edges. Similarly, to gain insight into the catalytic properties of clay edges, we need to understand the reactivity of the exposed atoms, especially in the hydrated environment commonly encountered in catalytic reactions.
The reactivity and polarizability of clay edges are best handled through electronic structure calculations. Density functional theory (DFT) provides a first principles description of the interlayer structure of ions and water (Boek and Sprik, 2003; Suter et al., 2008 Suter et al., , 2012 and the structure of clay edges (Bickmore et al., 2003; Churakov, 2006 Churakov, , 2007 Liu et al., 2012; Tazi et al., 2012) . DFT can be combined with quantum mechanical molecular dynamics (ab initio MD), where the ions are propagated using the potentials calculated from the electronic structure. Such an approach comes at considerable computational cost: system sizes are restricted to less than 1000 atoms and time scales to 10-20 ps. This timescale is usually regarded as sufficient to observe the formation of hydrogen bonds, water reorganization, and proton exchange between acidic edge sites and adsorbed water molecules. Ab initio MD is therefore an ideal method for determining the surface geometries, water structure and reactivities of the edge facets of clays. The restriction of length and timescales accessible means that our simulations are only observational: to determine quantitative features, such as dissociation free energies, requires enhanced sampling techniques, free-energy or replica methods, all of which significantly increase the computational costs and are, as such, only possible for much reduced system sizes, where finite size effects can become a concern. The purpose of this current paper is to use unbiased ab initio MD to study the clay edge interfacial phenomena on the timescale of ab initio MD and infer the qualitative behavior from our observations. This paper is organized as follows. In Section 2 we introduce the models we use to describe the interlayer/micropore clay interface, each containing different lateral facets of the clay crystal and isomorphic substitutions in the clay framework. We also describe our ab initio MD simulation set-up (methods and analysis). In Section 3 we discuss the results of the ab initio MD simulations, including the water structure, leading to observation of the Lewis and Brö nsted acidities of the clay edges. Finally, in Section 4, we present the conclusions from this study.
SIMULATION METHODS
All ab initio MD simulations were performed using periodic models containing approximately 500-600 atoms, using the CPMD code (Hutter et al., 2011) . To create the edge structures, we follow the procedure used by Churakov (2006) . The different faces are formed by cutting the crystal parallel to the selected direction while keeping the crystal stoichiometry unchanged. This was achieved using the Material Studio program (Accelrys Software Inc, 2007) . All broken bonds were either terminated using hydrogen atoms or hydroxyl groups. We investigated the (1 1 0) surface (and the identical (À1 1 0) surface) and the (0 1 0) surface. Each simulation supercell therefore contains two edge surfaces (see Fig. 1 ). The calculations were performed for a 2 Â 1 Â 1 supercell containing eight formula units of pyrophyllite, corresponding to the formula Al 16 Si 32 O 80 (OH) 16 . A vacuum space of 8 Å was added to the lattice parameter perpendicular to the cleaved surface to reduce the interaction with other periodic units. Similarly, the Lz lattice parameter was increased to 13.5 Å . Our preliminary simulations showed that this spacing was sufficient to create a bilayer of water in the interlayer gallery for the uncharged (1 1 0) clay surface, and is consistent with the start of the bilayer of a water shown in previous classical simulations of clay minerals, such as Na-montmorillonite and Li-montmorillonite ; see Fig. 2 for a visualization of the initial structure. Water molecules were then added until the density of water in the area unoccupied by the clay framework atoms was approximately 1.0 g/mL. For the (1 1 0) surface, 140 water molecules were added. For the (0 1 0) surface, 95 water molecules were added. To produce equilibrated input for ab initio molecular dynamics, preliminary classical molecular dynamics simulations were performed using the classical molecular dynamics code LAMMPS (Plimpton et al., 2015; Plimpton, 1995) . The clay was described using the ClayFF forcefield (Cygan et al., 2004) . For the terminal atoms added to saturate the dangling bonds, the charges were assigned to counterbalance the charge of the dangling bond (i.e. 0.525 for the terminal H in SiAOAH, where the ClayFF oxygen atom partial charge is À1.05). The classical molecular dynamics simulations were performed in the NpT ensemble for approximately 5ns, at a temperature of 300K and with a pressure of 1atm. The z supercell dimension was kept fixed at 13.5 Å during these simulations; the x and y dimensions were allowed to vary. The clay atoms were fixed during these simulations. This provided the input to our CPMD simulations.
The final lattice parameters for the (1 1 0) face are: 18.34 Å Â 20.68 Å Â 13.5 Å ; and for the (0 1 0) face: 10.34 Å Â 27.84 Å Â 13.5 Å . In total, the (1 1 0) and the (0 1 0) face systems contain 604 and 457 atoms respectively.
These systems are significantly larger than previously reported ab initio studies (which are comprised of 200-300 atoms (Churakov, 2007; Tazi et al., 2012) ); as a consequence, the distance between the clay edges is increased and the interlayer spacing between the basal (0 0 1) surfaces of the clay is hydrated with a double layer of water. The The different atom types found in the structure are identified here. On the (1 1 0) face: ob_edge are terminal basal oxygen atoms, ho_edge are hydrogen atoms on the terminating hydroxyl group, o_ap_edge are the exposed apical oxygen atoms, Al_oct_edge are octahedral layer aluminium atoms, ho_edge_oct are the exposed octahedral layer hydroxyl groups and Si_edge are the silicon atoms on the (1 1 0) face. On the basal surface: ob are the basal oxygen atoms, Si are the basal silicon atoms. In the clay framework, Al_oct are the octahedral atoms and o_ap the apical oxygen atoms. The nomenclature is the same for the (0 1 0) face. The density profiles are calculated as distances normal to the nearest (1 1 0) face or (0 1 0) face, defined by the blue dashed lines, which pass through the corresponding Si_edge atoms. Water hydrogen and oxygen atoms (not shown in this figure) are named Hw and Ow respectively in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) larger size of the clay framework ensures that the charge sites due to isomorphic substitutions in the clay edge do not interact with their periodic images, and the large size of the micropore regions ensures that our findings do not suffer from the unintended consequences of confining the water molecules to very small pore volumes between clay edges.
The starting clay structures for the (1 1 0) and (0 1 0) face simulations are shown in Fig. 1a and b respectively. As there are 184 and 172 atoms in the clay structure for the (1 1 0) and (0 1 0) face systems respectively, we do not report the properties (bond distances, radial distribution functions etc.) for each individual atom in the clay framework. Instead, at the beginning of the simulation, we identify different atom types, depending on their chemical environment. The properties of the atoms for each type are averaged and used in further analysis. The atom types are indicated in Fig. 1a and b. A list of atom types and their description is given in the Supporting Information along with average clay framework bond distances from the ab initio MD simulations. The full simulation supercell, including all water molecules, is shown in Fig. 2 for the (1 1 0) surface and Fig. 12 for the (0 1 0) surface.
In this study, we consider both neutral and charged clay frameworks. We firstly performed ab initio molecular dynamics using the CPMD code on the neutral frameworks of the (1 1 0) and (0 1 0) surfaces. The (1 1 0) surface (and the equivalent À1 1 0 surface) has been determined by Churakov to have the lowest surface energy and is the largest component of the edge surfaces in a clay particle (Churakov, 2006) . This estimation was based upon using DFT to calculate the energy of water sorption on different edge facets; when combined with the Wulff construction, this leads to the prediction that clay layer edges will be dominated by the (1 1 0) and (À1 1 0) faces. As isomorphic substitutions will comprise only a small fraction of edge sites, we can assume that the (1 1 0) and (À1 1 0) faces will be the most stable with charged clays.
Our simulations of charged edges therefore concentrate on isomorphic substitutions in the (1 1 0) face. Two charged-layer systems were created: (1) a substitution of a single Si 4+ ion by an Al 3+ ion in the tetrahedral layer on the (1 1 0) surface, and (2) a substitution of a Al 3+ ion by an Mg 2+ ion in the tetrahedral layer. The charge compensating sodium counterion was placed in the middle of the opposite surface in the interlayer of the clay. These charged systems were created using a snapshot from the equilibrated (1 1 0) clay edge simulation.
This corresponds to the charged (1 1 0) silicate frameworks simulated by Liu et al. (2012) in their free energy calculations of proton dissociation from clay edges. Their study considered water molecules adjacent to the clay edge, but not in the clay interlayer. They found that for the (1 1 0) surface, substitution of Si by Al in the tetrahedral sheet of the clay edge (Si edge in our nomenclature) leads to a very high pK a and hence will remain protonated. Similarly, substitution of Al (Al oct edge) by Mg in the octahedral sheet leads to a Mg(OH 2 ) complex, again with a very high pK a (Liu et al., 2014) . Both types of ismophorphic substitution were also observed to increase the pK a on neighboring apical sites (o ap edge). In our study, with more extensive water coverage, we can observe the surface rearrangement that occurs (which due to the high pK a should be on the timescale of our simulations) without the need to bias the simulation through a reaction coordinate required to calculate free-energies. For example, Churakov observed proton exchange on the hydrated (0 1 0) edge sites of neutral clays. Water molecules near the interface can rearrange to stabilize the products of the proton transfer reactions and lower the activation barrier required for the proton exchange (Churakov, 2007) . In our case, with a more realistic structure of hydrated clays (a large micropore and interlayer (1 1 0) face are considered as micropore water; water molecules above the (0 0 1) surface are considered to be interlayer molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) layer), we can examine proton exchange and water rearrangement as a function of isomorphic substitution.
We used several parameters to characterize the water structure. Firstly, we calculated the radial distribution function gðrÞ between each of the clay atom types and the water atoms. Secondly, we calculated the atomic density profile perpendicular to the clay edges. This is computed as a function of the normal to the surface defined by the edge silicon atoms (the blue dotted lines in Fig. 1 ). Only water molecules with a z coordinate within that of the clay layer ±1 Å are considered, to remove the interlayer molecules from the density profile. The hydrogen bonded network was computed at various snapshots during the ab initio simulations by defining a hydrogen bond as an OÁ Á ÁH distance less than 4 Å and OÁ Á ÁHAO angle greater than 140°.
For all the ab initio MD studies, the simulations were performed for between 12 and 20 ps with a fictitious electron mass equal to 800 a.u. and a timestep of 5 a.u. (0.12 fs). The simulations were performed in the NVE ensemble, with the temperature kept within 20 K of the desired temperature (300 K) through velocity rescaling in the equilibrium stages. All atoms were allowed to move during the ab initio MD simulations. Atomic positional data was collected every timestep and subsequently used for analysis. The generalized gradient approximation PBE (Lee et al., 1988; Becke, 1993; Perdew et al., 1996) was used for the exchange and correlation functionals. The energy cutoff for the planewave expansion of the wave function was 70 Rydberg. The large size of the cell meant Brillouin zone sampling was restricted to the C point. Medium-soft normconserving pseudopotentials were used, based on the Troullier-Martins (TM) scheme (Troullier and Martins, 1991) .
AB INITIO MOLECULAR DYNAMICS RESULTS
Using ab initio simulation we can study the hydration of both the clay interlayer and the edges, allowing us to determine the difference in water structure between the micropore and interlayer regions. We firstly consider the water structure in the vicinity of the neutral clay edge and subsequently the changes in interfacial structure associated with isomorphic substitution. We are also able to identify acidic sites through dissociation mechanisms and observe reorganization of the surface.
Neutral (1 1 0) face
A snapshot from our ab initio MD simulation of the neutral (1 1 0) face is shown in Fig. 2 . Periodic images are also displayed to illustrate the hydrated nature of each clay layer. No proton dissociation was seen during the lifetime of our simulation of the neutral (1 1 0) face, consistent with the simulations of Liu et al. (2012) . As observed in visualizations, we find that the hydroxyl groups on the (1 1 0) edge surface are flexible, allowing motions that result in hydrogen bonding to water molecules in either the micropore or interlayer region. This is confirmed by the radial distribution function and coordination number of the edge hydroxyl atoms (ob_edge and ho_edge in our nomenclature) with water (Fig. 3) ; the ho_edge coordination with water hydrogen atom is 1 at a distance of 2.5 Å , indicating stable hydrogen bond formation (in the previous study of Liu et al., due to the absence of interlayer water, the coordination number was significantly lower at approximately 0.5 (Liu et al., 2012) , while in the study of Churakov the coordination number was either 0.98 or 0.01 depending on whether the ho_edge atom pointed into the micropore or not (Churakov, 2007) ). This is the defining feature of the (1 1 0) face from our ab initio MD simulations: the flexibility of the edge hydroxyl atoms creates a variety of hydrogen bonded networks both in the interlayer and micropore regions.
To further investigate, we have taken a representative snapshot from the (1 1 0) face simulation and analyzed the hydrogen bonded networks that stretch across the opening of the clay galleries. In Fig. 4 we show some of these networks, spanning two or three water molecules. We see that when the ho_edge atom is pointing towards the interlayer, it forms a hydrogen bonded network that terminates, via two water molecules, on either the basal oxygen atoms or the ob_edge atoms on the opposite surface (Fig. 4a) . When the ho_edge atom is pointing towards the micropore spacing, a network exists that can terminate on the opposite surface, via three water molecules (Fig. 4b) . This highly orientated network across the interface region may provide a barrier to water diffusion from the micropore into the interlayer, although this can not be confirmed from the relatively short timescales possible with AIMD. Within periodic clay models (i.e. without clay edges), the interlayer water molecules have been shown to predominantly form hydrogen bonds to themselves rather than the clay surface (unless in the vicinity of a charge site or aqueous ion) (Boek and Sprik, 2003) . Such an arrangement is not necessarily compatible with the edge hydroxyl hydrogen-bonded network due to their differing alignment.
To demonstrate this, Fig. 5 shows a "heat map" of the water hydrogen atoms in the xz plane. We see a significant density above each of the edge hydroxyl groups and on the basal oxygen atoms on the opposite surface (highlighted by arrows), illustrating the hydrogen bonding network stretching across the interlayer. There is little hydrogen atom density above the remaining basal oxygen atoms on the surface, indicating that the majority of hydrogen bonds to the surface are due to networks originating in the edge hydroxyl atoms.
The ab initio MD simulations can also be used to elucidate the structure of water molecules adsorbed on the (1 1 0) face. Using the atomic density profiles perpendicular to the (1 1 0) surface, we can identify several distinct adsorption patterns, corresponding to the edge atoms acting as either hydrogen bond acceptors or donors. These adsorption sites produce distinct peaks in the density profile, shown in Fig. 6 , at 1.85 Å , 2.65 Å and 3.4 Å from the (1 1 0) surface. The first peak, at 1.85 Å , is due to water molecules forming a bond with the exposed 5 coordinate aluminum atom (Al_oct_edge) on the (1 1 0) surface. This can be interpreted as being caused by the 5 coordinate aluminum ion acting as a Lewis acid. The second peak, at 2.65 Å , is due to both the exposed apical oxygen atom (o_ap_edge) acting as a hydrogen bond donor and the clay framework hydroxyl atoms acting as a hydrogen bond acceptor. The final peak, at 3.4 Å , is due to water molecules forming hydrogen bonds with the silicate hydroxyl atoms (ho_edge). Similar arrangements of adsorbed water molecules were seen for Liu et al. (2012) and Churakov (2007) , although due to the greater amount of water (including interlayer water (1 1 0) face is also shown. Indicated by the arrows are regions where hydrogen bonding with the clay surface is high, corresponding to the hydrogen bonded networks described in Fig. 4 . The water molecules bound to the 5-coordinate Al atom (Al_oct_edge) remain in this position through the simulation and therefore show the highest density. Water molecules further away from the surface show greater movement, and hence their densities are more spread out. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) molecules) in our study, we find the edge hydroxyl atoms form a much greater number of hydrogen bonds. As illustrated in the schematic diagram in Fig. 7 , these adsorbed water molecules can form hydrogen bonds amongst themselves as well. In summary, the numerous interaction sites of the (1 1 0) face, combined with a favorable geometry for hydrogen bonding to other water molecules, lead to a strongly bound layer of adsorbed water on the surface. Due to the flexible hydroxyl groups, it is possible for this network to extend upwards or downwards to an adjacent clay layer within a tactoid.
Isomorphic substitution in the clay (1 1 0) surface tetrahedral layer
The final snapshot from our ab initio molecular dynamics simulation of the (1 1 0) surface with a silicon atom substituted by an aluminum atom in the tetrahedral layer of the clay is shown in Fig. 8 . Several things should be noted: the sodium ion was initially placed in the interlayer, in the middle of the opposite surface. By the end of our simulation (approximately 18 ps), the sodium ion had moved to the edge of the clay layer. We find that the hydration shell of the sodium ion is composed of two oxygen atoms from the clay framework (one basal oxygen atom (O b ) and one "SiAOH edge oxygen atom), with the remainder of the shell made up of water molecules. It should be noted that the final location of the sodium atom is where there is little hydrogen atom density in the uncharged system, as shown in Fig. 5 . This indicates a preference for the sodium ion not to perturb the hydrogen bonding network.
In our simulations, we observe that the apical oxygen atom (o_ap_edge), bound to the site of isomorphic substitution in the tetrahedral layer, immediately extracts a proton from the nearby water molecule. This is consistent with the study of Liu et al., who calculated that, for a clay with no water in the interlayer, the pK a of the apical oxygen atom of a clay is 10.2, indicating it is protonated under normal pH (Liu et al., 2014) . As in Ref. Liu et al. (2012) , we also observe that in turn this water molecule extracts a proton from a water molecule bound to the octahedral aluminum atom (Ow-Al_oct_edge). This is illustrated in Fig. 9 . The result is that the octahedral aluminum (Al_oct_edge) is now bound by two OH groups, rather than one OH group (1 1 0) face. The surface atom type and the hydrogen or oxygen water atom involved in the interaction are shown in the figure. These conformations lead to the distinct peaks in the density profile perpendicular to the clay surface for H_w and O_w atoms (Fig. 6) . Hydrogen bonds are shown as dashed red lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and one water molecule in the uncharged case. This surface reorganization, via the hydrogen bonded network, illustrates the Lewis acidity associated with the 5 coordinate aluminum atom and the Brö nsted basicity of the adjacent exposed apical oxygen. Here, these two functions work cooperatively to promote the proton rearrangement on the (1 1 0) face. The catalytic activity of clays has been suggested to be related to the aluminum ions on the crystal edges (Stackhouse et al., 2001 ); here we see that sites of isomorphic substitution increase this reactivity such that it is visible on the timescale of our ab initio MD simulations (<20 ps).
This proton movement also changes the nature of the adsorbed water on the (1 1 0) surface in the vicinity of the charge site; the exposed apical oxygen atom now acts as a hydrogen bond donor rather than acceptor. As a result of this, water molecules adsorb to the basal surface oxygen atoms on both the upper and lower tetrahedral layers near the edge hydroxyl groups (a snapshot illustrating this is shown in Supporting Information). This hydrogen bonded network is only possible due to water molecules in the interlayer spacing, and we can infer that full hydration leads to greater stability of the tetrahedral substituted (1 1 0) face after proton rearrangement. Beyond the vicinity of the charge site, the density profile of adsorbed water is identical to that of the neutral (1 1 0) face.
Isomorphic substitution in the clay (1 1 0) surface octahedral layer
The final snapshot from our ab initio molecular dynamics simulation of the (1 1 0) surface, with an aluminum ion substituted for a magnesium ion in the octahedral layer of the clay, is shown in Fig. 10 . Analogous to the tetrahedrally charged (1 1 0) surface, during the simulation the sodium ion moves from the centre of the interlayer to reside on the edge of the basal surface, bound by edge hydroxyl oxygen atoms and water molecules.
We observe no bond breaking or formation in this system; however, the radial distribution function of the exposed apical oxygen atom (o_ap_edge) bound to the magnesium ion (see Supporting Information) shows that this ion forms hydrogen bonds with two water molecules compared to approximately one hydrogen bond by the other exposed apical oxygen atoms on the (1 1 0) face. In Fig. 11 , a snapshot from the ab initio simulation illustrates the exposed apical oxygen atom forming hydrogen bonds with two water molecules. We also observe that the "SiAOH edge groups nearest this apical oxygen point towards the interlayer, forming hydrogen bonds with interlayer water molecules. Compared with the foregoing observations, the lack of any deprotonation mechanism on the timescale of our simulation suggests that the reactivity of the clay edges containing isomorphic substitution in the octahedral layer is less than isomorphic substitution in the tetrahedral layer. This is again consistent with the study of Liu et al., who calculated a pK a of 4.2 (Liu et al., 2014) . (1 1 0) face with an aluminium atom substitution in the tetrahedral layer, viewed in the xz plane and showing the nearest periodic replicas. The atom colors are as in Fig. 1 , with the sodium ion in blue. Periodic boundaries are solid blue lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 9 . The mechanism of proton hopping on the (1 1 0) face with an isomorphic substitution in the tetrahedral layer (the aluminum atom (green)). The water molecule bound to the nearest aluminum is deprotonated, and hops, via a single water molecule, to the exposed apical oxygen atom on the surface. This illustrates the Lewis acidity associated with the 5 coordinate aluminum atom and the Brö nsted basicity of the adjacent exposed apical oxygen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Neutral (0 1 0) face
In the previous sections, we have seen that the (1 1 0) face contains stable surface hydroxyl groups that form a variety of hydrogen bonded networks which span clay layers and their periodic images. The situation with the (0 1 0) face is very different. A snapshot from the ab initio MD simulation of the (0 1 0) face system is shown in Fig. 12 . On the timescale of our simulations (approximately 20 ps), the edge tetrahedral hydroxyl groups are not stable; we observe the deprotonation of two of these groups. We conclude that the (0 1 0) face tetrahedral hydroxyl group is a much stronger Brö nsted acid than the (1 1 0) face hydroxyl group. This deprotonation is followed by the protonation of an adjacent octahedral hydroxyl group, forming a second water molecule bound to the 5 coordinate aluminum ion on the surface. This proton rearrangement occurs via two water molecules in the micropore region, and is illustrated in Fig. 13 .
The deprotonated hydroxyl group anion is stabilized by the interaction of four water molecules: two from the interlayer region and two from the micropore region. A snapshot showing this arrangement can be found in the Supporting Information. Similar deprotonation states were observed by Churakov (2007) , although he saw the eventual re-protonation of the deprotonated hydroxyl group; here, we do not observe such an event, probably due to the additional stabilisation of the anion by the interlayer water molecules. Similar deprotonation and eventual re-protonation events were seen for Mg substituted (0 1 0) faces by Liu et al. (2012) , but not for the uncharged 0 1 0 face. As a further illustration of the reactivity of the (0 1 0) face surface hydroxyls, we also observed a reversible deprotonation of a surface hydroxyl group (of approximately 1 ps duration). From visualization of the simulation we observed that a proton could not hop to the octahedral hydroxyl as before, due to the arrangement of the water molecules in the vicinity of that region in the simulation. Instead, these protons returned to their original hydroxyl oxygen atoms.
The structure of the water molecules adsorbed on the (0 1 0) face is also very different to the (1 1 0) face. Overall, the number of hydrogen bonds formed by the "SiAOH ob_edge group is reduced compared to the (1 1 0) face, to approximately 0.6 at the first minimum in the radial distribution function (2.25 Å ), compared to approximately 1.0 for the (1 1 0) face. There is, however, a significant amount of hydrogen bonding from the octahedral edge hydroxyls, amounting to 0.3 at 2.25 Å , which is not present in the (1 1 0) face as they are much further away in the clay framework. In Fig. 14 we show the density profile perpendicular to the (0 1 0) surface; we observe only a single peak of ho_edge atoms (albeit with a tail at large distances due to the deprotonation). We see a large peak in the O_w peak at 1.45 Å which corresponds to water molecules forming bonds with the five coordinate aluminum ions.
Unlike the (1 1 0) surfaces, we find there is no hydrogen bonded network which spans the interlayer spacing through either two or three bridging water molecules. This indicates that the hydrogen bonded network extends out from the (1 1 0) surface, into the micropore, rather than directly across the interlayer spacing.
CONCLUSIONS
We have used molecular dynamics at the quantum level to understand the role of clay edges in the micropore/interlayer interface. Our models have included both interlayer water and a large micropore region, providing a realistic description of a hydrated clay. It is clear that the properties of clay edges and the associated interfacial structures are complex; we observe the edges behaving as both Brö nsted acids and bases, as well as Lewis acids, thus revealing the amphoteric nature of the clay edge. Although our simulations are large by ab initio MD standards, they are, of course, of limited size and timescale. We can not observe processes with length and timescales greater than approximately 20 Å and 20 ps respectively. With unlimited computational resources, we would use statistical mechanical approaches (such as ensemble or free energy methods) to sample longer time and length scales. However, ab initio MD can still give considerable insight into the reactivity of the clay edges; from the observations in our simulations we can propose plausible pH dependent structures and catalytic sites. As our simulations show, the complex behavior of clay edges is one of the reasons for the difficulty in assigning the reactive groups from titration experiments due to many microscopic sites contributing to the overall behavior.
In our ab initio MD, the (1 1 0) face is particularly stable on the timescale of our simulations, with a well defined structure of adsorbed water molecules and an extensive hydrogen bonding network involving the edge hydroxyl atoms and spanning across the interlayer. The reactivity of the (1 1 0) edge is increased with isomorphic substitutions on the edge, especially those in the tetrahedral layer, which lead to the edge acting as a Brö nsted base, extracting a proton from a neighboring water molecule. The high proton affinity of this oxygen atom (as evidenced by proton abstraction occurring during our simulations) indicates that this atom can act as a relatively strong base. This isomorphic substitution also causes a water molecule bound to the exposed aluminum ion to behave as a Brö nsted acid, with the donated proton hopping to the site of Brö nsted basicity.
We can therefore postulate that the isomorphic substitutions will affect the amount of proton uptake within clay edge structures: the higher the degree of tetrahedral substitutions, the greater the number of Brö nsted base sites. Our simulations suggest these will be protonated even at neutral pH.
With isomorphic substitutions in the octahedral layer of the (1 1 0) edge, the exposed apical oxygen becomes a hydrogen bond donor to two water molecules (as opposed to one for the neutral surface). This suggests that at low pH (i.e. acid activated clay) this exposed oxygen would be protonated. This is especially important as the catalytic ability of montmorillonite clay is known to increase after acid treatment (Briones-Jurado and Agacino-Valdés, 2009). In its protonated state, this could also be the site of a Brö nsted acid; as we did not see this oxygen atom become protonated during our simulation we infer that the proton affinity is less than that of the oxygen atom adjacent to a tetrahedral layer isomorphic substitution and could be a candidate for proton donation in a catalytic acid treated clay.
Previous studies have indicated that the edges of clay platelets should be dominated by (1 1 0) surfaces; however, the ab initio simulation of the (0 1 0) edge indicates that this surface, although less prevalent, is much more reactive, with the edge SiOH hydroxyl groups acting as Brö nsted acids. When the clay is fully hydrated, the deprotonated anion is stabilized by interactions with water molecules in both the interlayer and micropore regions. Previous studies of the (0 1 0) surfaces of clay with no interlayer water have estimated the SiOH site to have a pK a of 6.8 ± 0.4 (Tazi et al., 2012) . Although our findings are purely observational, the number of SiOH groups which deprotonate in our simulations (half of the total) indicates that when fully hydrated, the pK a may be significantly lower due to the additional stabilization of the deprotonated anion by the interlayer and micropore water molecules. We can hypothesize that any acid catalyzed reaction involving the (0 1 0) surface will be a function of water content (via clay swelling).
An explanation for the lack of deprotonation events on the neutral (1 1 0) surface is that the extensive hydrogen bonding network of the adsorbed water molecules allows the hydroxyl groups on the surface to form the maximum number of hydrogen bonds. An expansive hydrogen bonding network of this kind leads to stability of possible dissociation sites in their protonated states; such a hydrogen bonded network is missing from the (0 1 0) surface. The flexibility of the edge hydroxyl atoms and the hydrogen bonded networks across the pore and interlayer spacings from the (1 1 0) edge infer that such behavior would be seen regardless of the separation of the clay layers. This will be the focus of future research.
The detailed description of the hydrogen bonded network and the associated interfacial structures we have encountered will provide insights and information with which to develop force-field parameters for classical molecular dynamics simulations. Such forcefields must capture the interfacial behavior and also the relaxation of the clay framework at edge sites. We are currently developing these parameters, which can then be further propagated to higher levels of simulation, such as coarse-grained molecular dynamics (Suter et al., 2015) . Furthermore, specialized classical molecular dynamics forcefields such as ReaxFF can handle both bond breaking and formation; these have been previously been used for clay edges (Pitman and Van Duin, 2012) but can in future be optimized to recreate the proton reorganisation on the various faces or the behavior at various pH. Classical and coarse-grained MD will allow us to simulate much longer timescales, such that we can study the role of clay edges and pore shape in affecting the diffusional behavior of water between the micropore and interlayer, as well as the desorption/adsorption properties of the clay edges (Cygan et al., 2009; Rotenberg et al., 2007) .
Mesoscopic Engineering Sciences (EP/L00030X/1). We also made use of High Performance Computing facilities at University College London.
APPENDIX A. SUPPLEMENTARY DATA
Additional radial distribution functions of clay edge atoms and a full description of clay edge atom types. Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/ j.gca.2015.07.013. These data include MOL files and InChiKeys of the most important compounds described in this article.
